Questions: Soil seed banks buffer plant populations against environmental variability.
| INTRODUC TI ON
Temperate grasslands, which cover 26% of the world's terrestrial area (Contant, 2010; FAO, 2008) , consist of permanent plant communities dominated by forbs and grasses. Plant communities develop based on the interplay between natural site conditions with anthropogenic management (Becker et al., 2014) . Due to intensified management, e.g., higher cutting frequencies and increased fertilization, grassland diversity declined continuously during the last decades in Germany (Becker et al., 2014) . Today, grasslands with low management intensities, so-called extensive grassland, are remnants of formerly widespread species-rich grassland communities (Becker et al., 2014) .
Any changes in management, e.g., in cutting dates and frequencies, have a profound impact on the aboveground vegetation composition, and will also affect plant regeneration. In this context, soil seed banks play an important role in providing a buffer against environmental changes and ensure the long-term persistence of plant species and communities (Burmeier, Eckstein, Otte, & Donath, 2010; Thompson, 2000) . Therefore, in species-rich grasslands a vital soil seed bank is crucial for diversity preservation (Fenner & Thompson, 2005; Wellstein, Otte, & Waldhardt, 2007) . While this holds for management or temporary environmental changes (Zechmeister, Schmitzberger, Steurer, Peterseil, & Wrbka, 2003) , long-term climatic changes are considered to affect the soil seed bank composition (Akinola, Thompson, & Buckland, 1998) .
The effects of changes in site conditions and management on species-rich grasslands are well studied. Engel, Weltzin, Norby, and Classen (2009) revealed that soil moisture was the dominant factor affecting species richness, evenness and diversity. Moreover, several studies focused on the effects of elevated atmospheric CO 2 (eCO 2 ) (Andresen et al., 2018; Edwards, Clark, & Newton, 2001; Kammann, Grünhage, Grüters, Janze, & Jäger, 2005; Newton et al., 2014) and/ or elevated air temperatures (Bloor, Pichon, Falcimagne, Leadley, & Soussana, 2010; Mueller et al., 2016; Obermeier et al., 2017; Zelikova et al., 2014) 
on aboveground vegetation in grasslands.
Several studies showed that in comparison to the effects of eCO 2 , warming has a greater influence on species-and community-level responses (Bloor et al., 2010; Engel et al., 2009; . showed that for a temperate grassland, flowering time is sensitive to experimental warming but insensitive to eCO 2 , which highlights that reproductive traits are key characteristics for predicting the response of grassland communities and ecosystems to global change. In contrast to , Engel et al. (2009) and Bloor et al. (2010) , a range of studies with growth chamber, greenhouse, field chamber and FACE rings showed that eCO 2 affected reproductive traits, i.e., more flowers, more fruits and more seeds (Jablonski, Wang, & Curtis, 2002) . At the site of the present study (GiFACE), aboveground biomass increased significantly under eCO 2 but was not accompanied by differences in species diversity and distribution between CO 2 treatments (Andresen et al., 2018; Kammann et al., 2005) . Besides the impact of eCO 2 on aboveground biomass and species composition, other studies at the GiFACE site focused on soil microbial communities, N cycling and soil respiration (Brenzinger et al., 2017; Keidel, Kammann, Grünhage, Moser, & Müller, 2015; Moser et al., 2018) . The long history of continuous experimental CO 2 elevation at the GiFACE site provided us with the opportunity to study the response of the soil seed bank to elevated CO 2 levels, which to our knowledge has not been studied in extensive grassland so far.
Seed or fruit production, which is responsible for soil seed bank input, depends on different climatic factors. It may increase with warming, decrease with drought, or remain unchanged with warming and water addition (Walck, Hidayati, Dixon, Thompson, & Poschold, 2011) . Temperature effects could have a direct influence on seed persistence, because increasing temperature in the soil may reduce dormancy in a greater proportion of seeds (Ooi, Auld, & Denham, 2009 ). Temperature may also influence seed survival. Increasing soil temperatures due to global warming may approach thresholds for seed death in those ecosystems where high temperatures are already apparent. Ooi et al. (2009) indicated that viability of seeds and the rate of germination were also affected by increased temperature.
Viability declined at some species after exposure to predicted high temperatures for 70 days, while germination rate was increased.
Thus, increased soil temperature can affect seed dormancy, viability and germination rate. However, plasticity of dormancy and germination traits is species-specific in response to raised temperature treatments (Ooi et al., 2009 ).
In general, life history, or longevity of plant species, will play a role in the response to global change (Hovenden, Wills, Vander Schoor, Chaplin, et al., 2008) . While annual species depend on flowering and seed production to ensure population survival, perennial species have several years to maintain their population. Furthermore, perennial species are under different selective pressures, which are reflected in their reproduction responses under global change (Hovenden, Wills, Vander Schoor, Chaplin, et al., 2008) .
The specific change under global warming depends on the prevailing strategies of growth, demography and productivity in plant communities (Engel et al., 2009; Violle et al., 2007) . Trait-mediated differences in the responses of plant species to changing environmental conditions, e.g., climate, could change the way how species interact and this may affect plant community composition (Engel et al., 2009 ).
In general, morphological, physiological or phenological plant traits are features that can be determined at the species level (Violle et al., 2007) and they are results of processes, i.e., evolutionary and community assembly, in response to abiotic and biotic environmental requirements (Kattge et al., 2011; Valladares, Gianoli, & Gómez, 2007) . Plant communities can be regarded as the result of an abiotic and biotic hierarchy that constrains which species and traits can prevail (Lavorel & Garnier, 2002) .
While some studies had a look at the effect of warming or precipitation on the soil seed bank in grassland ecosystems (Leishman, SEIBERT ET al. Masters, Clarke, & Brown, 2000; Ooi, 2012; Ooi et al., 2009) , investigations of effects of elevated CO 2 on soil seed banks are rare (Hovenden, Wills, Vander Schoor, Chaplin, et al., 2008) . To reveal the effect of eCO 2 on the soil seed bank of a grassland system, we carried out our study in an extensively managed temperate C 3 grassland at the long-term free-air carbon dioxide enrichment (GiFACE) site, which was set up in Germany in 1998 (Jäger et al., 2003) . Our main objective was to assess the differences in the soil seed bank between plots under elevated and ambient CO 2 concentrations.
Specifically, we addressed the following research questions:
1. Are there general differences in the species composition between aboveground vegetation and seed bank and are these related to eCO 2 ? 2. What are the impacts of eCO 2 on seed density and species composition of the soil seed bank?
3. Are there differences in the functional traits of the seed bank species between elevated and ambient CO 2 treatments? 2 | ME THODS
| Experimental site
The research area of the experimental site is permanent grassland, with groundwater levels reaching the surface during winter. CaO + MgO were applied in spring each year to ensure a sufficient supply of these minerals (Kammann et al., 2005) .
The soil is a Fluvic Gleysol with a texture of sandy clay loam over a clay layer at varying depths (FAO classification). The pH ranges between 5.8 and 6.0 at 0-40 cm depth, the organic carbon and nitrogen contents at 0-5 and 5-15 cm depth are 4.6% and 3.6% (C), and 0.44% and 0.36% (N), respectively (Kammann et al., 2005) .
Annual mean precipitation at the site is 639.7 ± 92.9 mm (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) ) and the mean annual temperature is 9.8 ± 0.5°C (1998-2013;
Environmental Monitoring and Climate Impact Research Station Linden). A detailed description of the experimental site and the Giessen FACE system is provided by Jäger et al. (2003) .
| Study design of the seed bank analysis
We analyzed soil seed densities and composition using the seedling emergence method (Roberts, 1981) . Collection of the seed bank samples took place in July 2014. Thirty soil cores per ring were taken with an auger of 3 cm diameter down to a depth of 10 cm. The samples were divided into three depth layers (0-1 cm, 1-5 cm, 5-10 cm).
Before transferring the soil samples into a greenhouse they were stratified in the dark at 4°C for five weeks.
Subsequently, the samples were spread thinly (0.5-1 cm) in "Multi-Plant-Pots" (soil layer of 0-1 cm) and 10 × 10 cm plant pots (soil layers of 1-5 cm and 5-10 cm) over a base of moistened, sterilized standard potting soil (Einheitserde, Classic, Typ 0). Plant pots filled only with sterilized standard potting soil acted as control pots for seed input from outside. During the experiment, no seed inputs from outside the experimental area were registered.
The pots were randomly placed in a greenhouse with automatic watering, controlled temperature (~20°C), air humidity (~70%) and light (≥10 klx) at a day/night rhythm of 12/12 hr in Gießen, Germany.
Emerging seedlings were identified to species level as soon as possible after germination (monitored weekly), counted and removed. Those specimens that could not be identified at the seedling stage were transferred to pots and grown until identification was possible.
When germination ceased, the soil material was carefully stirred to stimulate germination of the remaining seeds. After 14 weeks, the pots were allowed to air dry for five weeks, whereupon the soil was carefully stirred and the pots were incubated for another 10 weeks in the greenhouse. During the drying process, the pots were covered with a fine gaze to prevent seed input from outside.
| Treatment design and FACE system
In 1997, six of 16 previously monitored 100-m 2 plots were selected for three ring pairs and the CO 2 treatment was randomly assigned to one of the rings. The rings cover a slight soil moisture gradient caused by different depths of the clay layer as well as from average ground water table depth, which was accounted for in the data analysis as a covariable (Jäger et al., 2003; Kammann et al., 2005) .
The rings had an inner diameter of 8.0 m with an inner circular buffer zone to the ring structure of 0.9 m. Each ring construction consisted of 24 segments with an outer and inner air-flow channel.
CO 2 was diluted with ambient air before it was released by the pipes at the outer channel to enhance mixing with the air entering the monitoring plots inside the rings. This upwind CO 2 release was controlled by wind direction, and the amount of CO 2 release was controlled by wind speed. Downwind, the CO 2 -enriched air was partly recycled by pipes installed at the inner ring channel started in May 1998 and was performed year-round during daylight hours to +20% above ambient conditions (Jäger et al., 2003) ; rings will subsequently be referred to as "elevated CO 2 rings" (eCO 2 ) and "ambient CO 2 rings" (aCO 2 ).
Since the start of the experiment vegetation sampling took place annually in May and at the end of August according to the Braun-Blanquet method (Dierschke, 1994) . In addition, volumetric soil moisture was measured five days a week using four permanent TDR-sensors (Imko, Germany, type P2G) at the upper 15 cm depth.
| Data analysis
For the data analysis, we used seed density in seeds cm −3 , species number and cover percentage based on the aboveground vegetation of 2013.
Nonmetric multidimensional scaling (NMS) was used to detect differences in species composition between the aboveground vegetation and the soil seed bank (McCune & Grace, 2002) . For conducting the NMS, the Sørensen distance measure, two dimensions and a starting configuration by random number were used. For the final solution, we used 49 iterations. Before analysis, the data were subjected to root transformation (van der Maarel, 1979) . Prior to the combined analyses of aboveground and belowground vegetation, seed densities of the soil seed bank were converted to percentages.
To determine the species diversity of the seed bank, we used the Shannon (Shannon & Weaver, 1949) and evenness indices (Pielou, 1966) .
A two-factorial analysis of covariance (ANCOVA) was used to test for significant differences (p ≤ 0.05) of the seed density and species number present in the soil seed bank between the different treatments and the three different depths. Effects with p values ≤0.05 were regarded as significant and 0.05 < p ≤ 0.1 were regarded as significant tendencies. Basic requirements (i.e., normality and homoscedasticity) for conducting a parametric ANCOVA were visually checked using diagnostic plots. As a result, data of species number of long-term-persistent seed bank type (Table 3 , Appendix S6 below), seed density of short-term-persistent seed bank type (Table 3 , Appendix S7 below) and seed density of generative reproduction type (Table 4 , Appendix S8 below) were log 10 -transformed prior to the statistical analyses.
The main factors induced into the analysis were CO 2 treatment (k = 2; ambient CO 2 vs. elevated CO 2 ) and the soil seed bank layers (k = 3; 0-1 cm, 1-5 cm; 5-10 cm). To account for the potential influence of soil moisture on the soil seed bank (Bekker, Oomes, & Bakker, 1998) , the annual soil moisture measurements of September 2011-2013 were used as co-variables.
The following traits of the species and seeds were tested:
( separation of the seed bank and aboveground vegetation, but no obvious CO 2 effect on both the seed bank and aboveground vegetation (Figure 1 ).
| Seed density, species number and diversity indices
At all depths, a higher species number was detected in aCO 2 than eCO 2 (Figure 2a) . The seed density decreased significantly with increasing soil depth (Figure 2b ). Significant CO 2 and soil moisture effects on seed density were observed when all three layers (0-10 cm)
were taken together (Table 1 , Appendix S4), with higher seed densities under eCO 2 . For species number, there was a significant decline with depth in case of the combined data, but no general CO 2 -effect (Table 1) . Only in the layer 5-10 cm higher species numbers under aCO 2 displayed a significant tendency (p = 0.088; Figure 2a , Appendix S4). The species diversity revealed a significant decline of Shannon diversity with depth (Table 1) . Only when all soil layers were included the CO 2 -effect tended to significance (p = 0.066; Figure 2c , Appendix S5). All other responses patterns were not significant (Table 1 , Appendix S5). In case of evenness, the CO 2 -effect was also significant (p = 0.035; Figure 2d ). While soil moisture seemed to have a significant tendency (p = 0.091), all other responses patterns of evenness were not significant (Table 1 , Appendix S5).
| Differences in functional traits

| Seed bank type
Thirty-seven percent of the seed bank species in the eCO 2 rings and 35% in the aCO 2 rings belonged to the long-term-persistent seed bank type (Table 2 , Appendix S3). Consequently, species of this seed bank type had a significantly higher seed density under eCO 2 across soil layers (Figure 3b , Table 3 ). This trend was also true when layers were analyzed separately in case of the top layer and lowermost layer (p ≤ 0.1; Figure 3b , Table 3 , Appendix S6). Also a significant soil moisture effect (p = 0.006) was observed when all soil layers were included.
F I G U R E 2
Mean species number (a), mean seed density (b), Shannon-index (c) and evenness (d) of the seed bank samples, separated into total depth (0-10 cm) and seed bank layers (0-1 cm; 1-5 cm; 5-10 cm). Error bars indicate standard deviation. The significance levels were reported as significant, p ≤ 0.05 *, significant tendency, p ≤ 0.1 (*), and not significant, ns CO 2 and soil moisture had no effect on number of species producing long-term-persistent seeds ( Figure 3a , Table 3 ). Only depth had a significant influence on this response variable.
Thirteen percent of the seed bank species under eCO 2 and 19%
under aCO 2 belonged to the short-term-persistent seed bank type (Table 2 , Appendix S3). Thus, in contrast to long-term-persistent species, density of short-term-persistent species was significantly higher under ambient compared to eCO 2 levels (Figure 3c , d, Table 3 ); the same pattern was found for species number. Seed density but not species number of short-term-persistent species decreased with depth ( Figure 3c, d ). Only in case of species numbers, a general CO 2 effect was revealed when soil layers were analyzed separately (Appendix S7).
Seventeen percent of the seed bank species in the elevated CO 2 rings and 13% in the ambient CO 2 rings belonged to the transient seed bank type ( 
| Reproduction type
There was only a small difference in the percentage of species belonging to the generative reproduction type between aCO 2 and eCO 2 (40% vs. 44%; Table 2 ). Although these species were found in higher seed densities under eCO 2 , this difference only tended to significance (p = 0.078) when all soil layers were included but not when layers were analyzed separately. There was only a significant soil moisture effect for the 1-5 cm layer (p = 0.05). In addition, with increasing depth seed density of mainly generatively reproducing species decreased significantly (Figure 4a , b, Table 4 , Appendix S8).
With regard to the number of generative species, a significant CO 2 effect was only detected for the layer 5-10 cm, which did not translate into a significant CO 2 effect across soil layers.
Species with a vegetative reproduction type accounted for 10% of the seed density under eCO 2 and 9% in aCO 2 (Table 2 , Appendix S3).
The CO 2 treatment had a significant effect (p = 0.022) on seed density of species with a vegetative reproduction strategy only when all three layers (0-10 cm) were taken together ( Figure 4d , Table 4 ).
In case of number of vegetative species, differences between the CO 2 treatments were too small to reach significance across soil layers (p = 0.088) but the difference was significant at 5-10 cm (p = 0.011; Figure 4c , Appendix S9). Soil moisture had a significant effect across soil layers (p = 0.030).
The percentage of those species in the seed bank that combine the two reproduction types differed only slightly between treatments (50% in eCO 2 rings; 47% in aCO 2 rings; Table 2 ). Although their seed density was higher under eCO 2 and the mean species number was higher under aCO 2 , there were no significant CO 2 effects (results not shown). Overall, the difference in seed density with depth was highly significant (p = <0.001).
| D ISCUSS I ON
We observed a relatively high similarity between the species composition of the seed bank and the aboveground vegetation, i.e., on TA B L E 1 Results of two-factorial ANCOVA about the effect of CO 2 , depth and their interaction on species number, seed density, Shannon-index and evenness in the soil seed bank (total depth 0-10 cm) Note. aCO 2 : ambient CO 2 ; eCO 2 : elevated CO 2 .
Source of variation
SEIBERT ET al.
F I G U R E 3
Mean species number and mean seed density of species of long-term-persistent seed bank type (a, b) and short-termpersistent seed bank type (c, d), separated into total depth (0-10 cm) and seed bank layers (0-1 cm; 1-5 cm; 5-10 cm). Error bars indicate standard deviation. The significance levels were reported as significant, p ≤ 0.05 *, very significant, p ≤ 0.01 **, significant tendency, p ≤ 0.1 (*), and not significant, ns TA B L E 3 Results of two-factorial ANCOVA about the effect of CO 2 , depth and their interaction on species number and seed density in the soil seed bank (total depth 0-10 cm) of species with long-term-and short-term-persistent seed bank type
Source of variation
Long-term-persistent seed bank type Short-term-persistent seedbank type
Species number
Seed density in seeds cm −3 average 60% of the seed bank species occurred in both compartments, which is in line with several other studies (e.g., Bossuyt & Honnay, 2008; Henderson, Petersen, & Redak, 1988; Hopfensperger, 2007; Osem, Perevolotsky, & Kigel, 2006) . In general, grassland species show a low potential for seed dispersal (Donath, Hölzel, & Otte, 2003) , supporting a high similarity between above-and belowground vegetation. Still, differences in abundances and species diversity, i.e., on average 47% of the aboveground species, were high enough to induce a clear separation of samples of the seed bank and aboveground vegetation in the NMS ordination (Figure 1 ). The missing separation within both compartments according to the CO 2 treatment is in line with other studies, where similarities between above-and belowground vegetation were lower than similarities within seed bank and within aboveground vegetation (Bekker, Verweij, Bakker, & Fresco, 2000; Schmiede, Donath, & Otte, 2009) .
Seed density in seeds cm
A reason for this may be a delayed response of the seed bank to environmental changes (Thompson, 2000) . Still, a closer look at the effects of the CO 2 treatment revealed several significant effects, such as higher seed densities under eCO 2 . Different studies have shown that eCO 2 affects seed production and seed germination in grassland (Bloor et al., 2010; Edwards et al., 2001; Jablonski et al., 2002; Marty & BassiriRad, 2014) .
Our results also corroborate, at least partly, the importance of soil moisture for seed bank development. Changes in the soil moisture content can have direct impacts on the longevity of seeds in the soil (Bekker et al., 1998) . Studies by Andresen et al. (2018) in the same system observed an increase of soil moisture under eCO 2 .
Since the start of the experiment, a 3% increase of soil moisture was accompanied by 15% increase in total biomass (Andresen et al., 2018) . In general, higher biomass production under CO 2 enrichment may result in more seeds because more resources can be allocated to reproduction (Jablonski et al., 2002) . This effect is enhanced by changes in resource acquisition due to elevated CO 2 , which also supports higher seed production (Marty & BassiriRad, 2014) .
In contrast to seed densities, species diversity and Shannon diversity were not significantly different between CO 2 treatments.
Although the decrease of evenness under eCO 2 seems small, this is evaluated against the background of a resilient seed bank. Therefore,
F I G U R E 4
Mean species number and mean seed density of species with generative reproduction type (a, b) and vegetative reproduction type (c, d), separated into total depth (0-10 cm) and seed bank layers (0-1 cm; 1-5 cm; 5-10 cm). Error bars indicate standard deviation. The significance levels were reported as significant, p ≤ 0.05 *, significant tendency, p ≤ 0.1 (*) and not significant, ns these small changes can be considered as the first signals of changes in species composition (Bossuyt & Honnay, 2008) .
While differences between treatments -albeit significant in some cases -seemed rather low at the species level, shifts in the species' spectra of functional traits were more apparent. From theory, the proportion of long-term-persistent seeds and species should increase with the unpredictability of a system, since a longterm seed bank allows species to bridge periods that are unfavorable for growth (Baskin & Baskin, 2001) . When unpredictability in habitats induces variability in establishment success and reproductive output, a vital seed bank ensures persistence of species (Thompson, 2000) . Changes in CO 2 concentration increase the species dynamics or species shift and therefore the unpredictability of the system (Hopfensperger, 2007) . Under these conditions, the portion of species capable of producing long-term-persistent seeds should increase (Hopfensperger, 2007) . In line with this expectation, a significant increase by about one-third under eCO 2 of the seed density of long-term-persistent species was observed while the proportion of short-term-persistent seeds almost halved (Figure 3 ). Since species that produce long-term-persistent seeds tend to produce more but smaller seeds (Eriksson & Eriksson, 1997) , the shift in this functional trait shows up first in differences in seed density and is less pronounced in number of species. The slower shift in species numbers belowground might also be linked to the low dispersal ability of grassland species, i.e., while site conditions change fast, better-adapted species move in slowly (Bakker, Poschlod, Strykstra, Bekker, & Thompson, 1996) .
Changes in proportion of the reproductive type seem in accordance with shifts observed in seed longevity (Figure 4 ). Since species producing long-term-persistent seeds not only produce more and smaller seeds but also tend to be short-lived (Grime, 2001 with vegetative reproduction decrease in number. Although this trend only had a significant tendency it also meets expectations that in line with a decrease of species producing short-termpersistent seeds, the number of perennial species relying on vegetative reproduction increases. Vitová, Macek, and Leps (2017) showed that most grassland species are clonal, with a predominantly vegetative spread. Due to the beneficial support from the maternal plant, the clonal spread seems more successful (Vitová et al., 2017) . While vegetative growth is more frequent in little disturbed sites, generative growth prefers more heavily disturbed areas (Kontanen, 1996; Vitová et al., 2017) . Establishment by seedling (i.e., generative regeneration) is very sensitive to abiotic conditions and biotic interactions and thus very rare (Vitová et al., 2017) . However, there is a species-specific response to these abiotic and biotic interactions and optimal conditions for seedling emergence for species often differ from those for establishment (Vitová et al., 2017) .
Our results highlight that CO 2 enrichment affects the soil seed bank of mesic moist temperate grassland. Although the soil seed bank is a system where environmental changes trace only slowly into the seed bank, our study revealed several significant changes in seed bank composition and shifts in functional traits after 18 years of eCO 2 . Based on our results, it can be assumed that in response to a higher frequency of unfavorable periods for growth caused by climate change, the proportion of short-lived species producing longterm-persistent seeds will increase. Thus, the observed changes suggest an ongoing change of the extensively managed grassland system towards a more ruderal state. These changes are still within the range of natural variability covered by resilience but they show signs of the development of new persistent habitats (Hobbs et al., 2006) . It remains to be seen how these changes translate into the most prominent ecosystem services of extensively managed grasslands, such as fodder quality and quantity as well as functioning as a harbor for species diversity.
TA B L E 4 Results of two-factorial ANCOVA about the effect of CO 2 , depth and their interaction on species number and seed density in the soil seed bank (total depth 0-10 cm) of species with generative-and vegetative reproduction type 
